Surface texturing by solution deposition has been developed for antireflection in solar cells. The surface texture is formed by a monolayer of microscale silica particles partially immersed into a spin-on-glass film with a thickness less than the height of the particles. When the silica particles have a spherical shape, the low reflectance from this coating becomes omnidirectional, a desirable feature in fixed-orientation solar panels. It has been experimentally found that the coating improves the transmittance of a quartz wafer in the spectral range of 400-1100 nm and in the incident-angle range of surface normal to at least 30°. The surface texture can be applied to different types of solar cells as an add-on coating. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2775805͔
The optical design of a photovoltaic solar cell is to minimize reflection and maximize absorption of incident sunlight. The most successful optical design for commercial solar cells is probably the anisotropically etched pyramids on single-crystalline silicon ͑100͒ surface. 1, 2 The microscale pyramids are formed when a flat Si͑100͒ surface is etched by potassium hydroxide ͑KOH͒. With the surface texture, light reflected from a pyramid often strikes another pyramid, thus a second chance of incidence instead of being lost. The record efficiency of 24.4% in single-crystalline Si solar cells is achieved with this pyramidal surface texture. 3 The record efficiency of 19.8% in polycrystalline Si solar cells is achieved with a lithography-defined surface texture, 3 since KOH-based anisotropic etching works only on singlecrystalline Si.
For polycrystalline Si and non-Si solar cells, 4 there is currently no cost-effective method for surface texturing to minimize reflection. The most-common antireflective coating for these solar cells is a thin film of a transparent conducting oxide ͑TCO͒, 5 although a thin film of Si nitride is used in polycrystalline Si solar cells. Indium tin oxide ͑ITO͒ has been the most popular TCO. One disadvantage of a thin-film antireflective coating is that reflected light does not get a second chance of incidence. Moreover, thin-film antireflection is typically based on quarterwavelength destructive interference of reflected light. It thus works only in a limited spectral range under near-normal-incidence conditions. Although a laser process has been developed to texture an ITO film, 6 a more cost-effective and material-independent method for surface texturing is needed.
In this letter, we report surface texturing by coatings from solutions. The surface texture is formed by a monolayer of microscale silica particles partially immersed into a film of spin-on glass ͑SOG͒. The solution-based preparation method ensures low cost. The surface texture can be applied to different types of solar cells as an add-on coating. Its low reflectance is a broad spectrum. When the silica particles have a spherical shape, the low reflectance of the surface texture becomes omnidirectional, a desirable feature in solar cells since sunlight strikes the Earth surface from different directions during the day. Figure 1 shows how, in principle, a surface texture can be formed by coatings from solutions, in which spherical particles are used as an example. A solar cell surface is first coated with a monolayer of microscale silica particles from a solution containing these particles ͓Fig. 1͑a͔͒. Then the surface is coated with a film of SOG, which has a refractive index similar to that of the particles ͓Fig. 1͑b͔͒. The thickness of the SOG film should be a fraction of the diameter of the particles, so the coated surface forms an array of partially spherical particles. When the thickness of the SOG film is the same as the radius of the particles, an array of hemispherical particles is formed. Finally, the coated solar cell is cured to form a spherical surface texture ͓Fig. 1͑c͔͒. Silica particles of other shapes can also be used, including conical, pyramidal, and tetrahedral. In those cases, the thickness of the SOG film should be a fraction of the height of the particles.
For the results reported in this letter, spherical silica particles of 2 m in diameter from microspheres-nanospheres were used. Monolayer silica particles were spin coated onto both Si and quartz wafers from a water solution containing 0.1 wt % of silica particles, i.e., 0.1 g of particles in 100 ml of water. The coated wafers were heated to 95°C in air for 2 min to remove water from the surface. A film of SOG, Honeywell Accuglass® T-11 with a specified thickness range of 0.16-0.26 m, was spin coated onto Si and quartz wafers with monolayer particle coatings. The refractive index of the SOG, 1.39 at 633 nm, is close to that of silica, 1.46, so there is little internal reflection in the coating. Curing for the SOG film was performed first at 80°C for 60 s for solvent removal and then at 130°C for 60 s for cross-linking in the SOG film. The coatings were examined with a Zeiss Supra 55 VP scanning electron microscope ͑SEM͒. view of a Si wafer coated with a monolayer of 2 m spherical silica particles. Figure 2͑c͒ shows a 2 m spherical silica particle partially immersed into an ϳ0.2 m SOG film. Due to capillary effects and high viscosity of the SOG, there is a shoulder region at the base of the partially spherical particle, whose effect needs further investigation.
Since the purpose of an antireflective coating is to maximize light transmission, total transmittance of quartz wafers with various coatings has been measured using a JASCO V-570 spectrophotometer. An integrating sphere was used in the measurement, which collects transmitted light through a sample from all directions. Total transmittance measurements at different incident angles have also been performed using a homebuilt monochromator-based spectroscopic setup with an integrating sphere. The white light from a 100 W Oriel quartz tungsten halogen lamp was shed on the sample at different incident angles through a liquid light guide. Due to limitations in the setup, the maximum incident angle is limited to ϳ30°. Figure 3 shows a normal-incidence total transmittance measurement of a quartz wafer with the described antireflective coating, which comprises a monolayer of 2 m spherical silica particles immersed in a SOG film of 0.2 m thick. For comparison, the total transmittance of a quartz wafer without any coating, a quartz wafer coated with 0.2 m SOG only, and a quartz wafer coated with a monolayer of 2 m spherical silica particles only were also measured. The spherical surface coating improves the transmittance from ϳ88% to ϳ92% around 400 nm and from ϳ90% to ϳ92% around 1100 nm, demonstrating its broad-spectrum antireflection. Since the bare quartz wafer already has a high transmittance above 88%, the improvement by the spherical surface coating is tainted by the high background transmittance.
A 0.2 m SOG film alone slightly improves the transmittance at short wavelengths by ϳ1%, possibly due to its smaller refractive index, 1.39, than silica, 1.46. A monolayer of 2 m silica spherical particles alone decreases the transmittance by ϳ1% in the entire spectral range of interest. This is likely due to reflection from the multiple surfaces in the monolayer particle coating: the top surface of the particles, the bottom surface of the particles, and the surface of the quartz wafer. Therefore, the SOG film not only serves as a glue to hold together the coating but also reduces the number of internal surfaces which cause reflection.
A desirable feature of any antireflective coating for solar cells is omnidirectionality, i.e., the antireflection is incidentangle independent. This is particularly important for solar panels with fixed orientations, such as those installed on rooftops and windows. It can also eliminate the need for a mechanical tracking device which ensures normal incidence of sunlight onto a solar panel. Omnidirectionality of the described antireflective coating can easily be accomplished with spherical silica particles partially immersed in a SOG film. Such an array of partially spherical particles keeps incident sunlight at near-normal angles all day long. An incident-angle-dependent transmittance measurement for a spherical surface coating on quartz wafers is shown in Fig. 4 . Within the limited range of incident angle ͑ϳ30°͒, the spherical surface coating improves the total transmittance from ϳ87% to ϳ92% around 500 nm and from ϳ89% to ϳ92% around 1000 nm for an incident angle of 30°.
Detailed simulation has been performed using the rigorous coupled-wave analysis, 7, 8 which analyzes the diffraction of an electromagnetic plane wave incident obliquely on a lossless grating structure composed of materials with different refractive indices. All the simulations performed include both transverse-electric ͑TE͒ and transverse-magnetic ͑TM͒ polarizations. Since we are concerned with nonpolarized sunlight and white light in the measurement setup, the simulated results are simple averages of the calculated TE and TM polarized incident waves. Figure 5 is the simulated transmittance of quartz wafers with and without a spherical surface coating at different incident angles. To match the experimental conditions, the coating in the simulation consists of a 0.2 m SOG film with hemispherical particles of 1 m radius on top. The wavelength-dependent refractive index is assumed to be that of silica and is taken from a book. 9 The transmittance increases from ϳ95% to ϳ98% with the described coating at small incident angles of 0°and 30°. The results agree reasonably well with experiments in Figs. 3 and 4. With a large incident angle of 60°, the transmittance increases from ϳ90% to ϳ96%. This weak dependence of transmittance on incident angle demonstrates omnidirectional antireflection by the spherical surface coating. The described antireflective coating provides several design parameters to optimize its performance for specific applications. Based on ray optics, 10 the size of the particles should be greater than the maximum wavelength of interest for the coating to be effective. If a particle size of 1.5 m is chosen, any light with wavelength above ϳ1.5 m will not be effectively coupled into a solar cell. This means that the infrared portion of the solar spectrum, which heats up a solar cell, will be less effectively coupled into a solar cell than the visible portion by design, leading to a reduced cell temperature. The spherical surface coating is not only good for direct incident sunlight, whose incident angle varies during the day, but also good for diffusive sunlight, which comes in from all directions. This allows effective collection of sunlight under all weather conditions. On a sunny day, the diffusive component of sunlight accounts for 10%-20% of the total solar energy incident on a horizontal surface. On a cloudy day, 100% of the sunlight is diffusive. 11 The packing density of the particles is critical for performance. The closest packing of spherical particles of the same diameter is a hexagonal structure. For 2 m spherical particles, this closest packing is equal to 1.92ϫ 10 7 particles/ cm 2 . In summary, a solution-based method has been developed for surface texturing in solar cells to minimize surface reflection. The coating is formed with a monolayer of silica particles partially immersed in a spin-on glass film with a thickness less than the height of the particles. When the silica particles have a spherical shape, the low reflectance from this coating becomes omnidirectional. It has been experimentally found that the coating improves the transmittance of a quartz wafer in the spectral range of 400-1100 nm and in the incident-angle range of surface normal to at least 30°. The experimental results are supported by simulation results, which predict angle-independent transmittance up to 60°.
